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in Patients With Borderline QRS Duration to
Assist With Selection for Cardiac
Resynchronization Therapy
Olusegun Oyenuga, MD, Hideyuki Hara, MD, Hidekazu Tanaka, MD, Han-Na Kim, MD,
Evan C. Adelstein, MD, Samir Saba, MD, John Gorcsan III, MD
Pittsburgh, Pennsylvania
O B J E C T I V E S To test the hypothesis that echocardiographic dyssynchrony may assist in the
selection of patients with borderline QRS duration for cardiac resynchronization therapy (CRT).
B A C KG ROUND Although echocardiographic dyssynchrony is currently not recommended to
select patients with QRS duration widening for CRT, its utility in patients with borderline QRS widening
is unclear.
METHOD S Of 221 consecutive heart failure patients with an ejection fraction (EF)35% referred for
CRT, 86 had a borderline QRS duration of 100 to 130 ms (115  8 ms) and 135 patients had wide QRS
130 ms (168  26 ms). Dyssynchrony was assessed using interventricular mechanical delay, tissue
Doppler imaging longitudinal velocity opposing wall delay, and speckle tracking radial strain for septal
to posterior wall delay. Response to CRT was deﬁned as 15% increase in EF, and reverse remodeling
as 10% decrease in end-systolic volume.
R E S U L T S There were 201 patients with baseline quantitative echocardiographic data available, and
187 with follow-up data available 8  5 months after CRT. A smaller proportion of borderline QRS
duration patients (53%) were EF responders compared with 75% with widened QRS (p  0.05).
Interventricular mechanical delay 40 ms and opposing wall delay 65 ms were predictive of EF
response in the wide QRS duration group, but not the borderline QRS duration group. Speckle tracking
radial dyssynchrony130 ms, however, was predictive of EF response in both wide QRS interval patients
(88% sensitivity, 74% speciﬁcity) and borderline QRS interval patients (79% sensitivity, 82% speciﬁcity)
and associated reverse remodeling with reduction in end-systolic volume (p  0.0005).
CONC L U S I O N S Radial dyssynchrony by speckle tracking strain was associated with EF and reverse
remodeling response to CRT in patients with borderline QRS duration and has the potential to assist with
patient selection. (J Am Coll Cardiol Img 2010;3:132–40) © 2010 by the American College of Cardiology
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133urrent clinical guidelines support cardiac
resynchronization therapy (CRT) for
symptomatic heart failure patients with a
depressed ejection fraction (EF) and elec-
rocardiographic widened QRS duration 120 ms
1). Although imaging measures of mechanical
yssynchrony have shown promise to improve pa-
ient response rate to CRT, they have not yet
eplaced widened QRS duration as a surrogate for
echanical dyssynchrony in current practice guide-
See page 141
ines (2–8). Furthermore, the existing studies using
yssynchrony for selection of patients for CRT with
arrow QRS interval have been inconclusive (9–
1). Although this field continues to evolve, scenar-
os currently exist in clinical practice in which a
atient may be considered a borderline candidate
or CRT, and imaging markers of mechanical
yssynchrony may assist in patient selection. A
ecent consensus report by the American Society of
chocardiography and the Heart Rhythm Society
dvocated echocardiographic dyssynchrony as a possi-
le adjunct to the selection criteria for CRT in
atients with borderline QRS duration (12). Because
ata are limited in this specific patient group, our
bjective was to test the hypothesis that echocardio-
raphic measures of mechanical dyssynchrony may
ssist in the selection of patients for CRT with
orderline QRS duration.
E T H O D S
he study included 221 consecutive patients in sinus
hythm with left ventricular (LV) ejection fraction
EF) 35% and New York Heart Association func-
ional class III or IV heart failure despite optimal
harmacological therapy referred for CRT. The pro-
ocol was approved by the Institutional Review Board
n Biomedical Research, and all patients gave in-
ormed consent consistent with protocol. Patients
ith borderline QRS duration were prospectively
efined as those with QRS interval width between
00 ms and 130 ms inclusive. The borderline group
onsisted of 86 patients. The mean age was 60  11
ears, 24 (28%) patients were female, the mean EF
as 24  5%, the mean QRS duration was 115  8
s, and 55% had ischemic cardiomyopathy. The
emaining 135 CRT patients with widened QRS
uration 130 ms had similar demographic data:
ean age 64  12 years, 43 female (32%), mean EF4  6%, 58% ischemic cardiomyopathy, but greater tean QRS duration of 168 26 ms, by definition. A
iventricular pacing system was implanted with a
tandard right ventricular apical lead and left ventric-
lar lead positioned in a posterior or lateral epicardial
ein through the coronary sinus. All patients were
eceiving optimal pharmacological therapy, including
ngiotensin-converting enzyme inhibitors, -blockers,
nd spironolactone, if tolerated.
All echocardiographic studies and off-line analyses
ere performed using standard imaging systems
VIVID 7; GE-Vingmed, Horton, Norway, or Sie-
ens Medical Solutions, Mountain View, California).
riefly, routine digital gray-scale 2-dimensional and
issue Doppler imaging cine loops were obtained,
ncluding mid-LV short axis views at the level of the
apillary muscle, routine apical views, and pulsed
oppler interrogation of the right ventricular and
V outflow tract as well as mitral inflow. EF was
alculated by biplane Simpson’s rule (13). Routine
ulsed Doppler was used as previously described
7,12). Left ventricular pre-ejection delay (PED)
as determined as the interval from the
nset of the electrocardiographic QRS
omplex to the onset of LV ejection ve-
ocity in the outflow tract (Fig. 1). Inter-
entricular mechanical delay (IVMD) was
etermined as the time difference in onset
f right ventricular ejection velocity to
ED. The filling time ratio (FT/RR) was
alculated from the mitral inflow velocity
uration from the onset of E wave to the
nd of A wave divided by the R-R interval
nd expressed as a percentage. Pre-defined
utoff values considered consistent with significant
yssynchrony were 140 ms for PED, 40 ms for
VMD, and 40% for FT/RR (12,14).
Intraventricular dyssynchrony was determined us-
ng tissue Doppler imaging and/or speckle tracking as
reviously described in detail (6,12,15,16). For tissue
oppler imaging, regions of interest (7  15 mm)
ere placed in the basal and midventricular segments
or each of the 3 standard views for 12-site time to
eak velocity analysis. Manual adjustments were made
o that the regions of interest had the most reproduc-
ble peak velocities (Fig. 2). Segmental time to peak
ystolic wave velocity was calculated from the onset
f the QRS complex. For longitudinal speckle
racking by velocity vector imaging, endocardial to
id-wall tracing of routine digital cineloops was
erformed. Velocity was determined toward a point
f reference placed at the LV apex for generation of
ime-velocity curves from all 3 apical views. Longi-
A B B
A N D
CRT
therap
EF e
FT/RR
IVMD
mecha
LV
PEDudinal dyssynchrony was defined as the maR E V I A T I O N S
A C R O N YM S
cardiac resynchronization
y
jection fraction
 filling time ratio
 interventricular
nical delay
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134ifference in peak velocity at basal and mid seg-
ents in opposing walls per view. Significant lon-
itudinal dyssynchrony was defined as the maximal
ime difference between opposing walls in one view
65 ms, or the 12-site time to peak SD (Yu Index) of
33 ms. For uniformity, the same cutoffs were used
or either software approach (3,4).
Speckle tracking of routine grayscale mid-LV
hort-axis images was also performed as previously
escribed to assess radial dyssynchrony (6,16,17).
riefly, an end-diastolic circular region of interest was
raced slightly within the endocardial cavity, using a
oint-and-click approach with special care taken to
djust tracking of all endocardial segments. A second
arger concentric circle was then automatically gener-
ted and manually adjusted near the epicardium. Time
o peak segmental radial strain was determined from
he highest peak positive strain value throughout the
ardiac cycle, beginning slightly before the onset of the
RS complex to include very early mechanical acti-
ation (17) (Fig. 3). Radial dyssynchrony was then
A
B
C
Figure 1. Dyssynchrony by Pulsed Doppler
(A) Pulsed Doppler sample volume in the left ventricular outﬂow tr
onset of ﬂow (arrow). (B) Pulsed Doppler sample volume in the rig
onset of ﬂow (arrow). Interventricular mechanical delay was the dif
(C) Pulsed Doppler sample volume in mitral inﬂow. Filling time (topetermined by measuring the time difference between bhe anteroseptal and posterior wall with 130 ms
re-defined as significant (6,16).
Group data were presented as means  SD and
ere compared using the Student t test for paired
nd unpaired data. Proportional differences were
valuated using the Fisher exact test, and the
hi-square test was used for noncontinuous vari-
bles. Receiver-operator characteristic (ROC)
urves were constructed for dyssynchrony vari-
bles to determine the sensitivity, specificity, and
reas under the curves at pre-defined cutoffs.
east-squares linear regression analysis was used
o determine potential associations between
VMD with longitudinal and radial opposing
all delays. Response to CRT was prospectively
efined as a relative increase in EF of 15% from
aseline to 6-month follow-up, and reverse re-
odeling was defined as a decrease in end-
ystolic volume 10%, as used in previous studies
6,15,16). All follow-up EF and volume data
ere acquired by investigators who were blind to
ith pre-ejection delay as time from onset of QRS complex to
entricular outﬂow track with time from onset of QRS complex to
nce in this time from pre-ejection delay shown in panel A.
ow) was divided by R-R interval (bottom arrow).act w
ht v
fereaseline data.
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135E S U L T S
f the 221 consecutive patients referred for CRT,
0 (9%) had poor echocardiographic windows with
echnically inadequate images and were prospec-
ively excluded from all subsequent analyses. Ac-
ordingly, the study group consisted of 201 pa-
ients: 78 patients with borderline QRS duration
etween 100 and 130 ms and 123 patients with
ide QRS duration 130 ms. All baseline demo-
raphic data were similar between groups, except
or QRS duration by definition. Follow-up echo-
ardiographic data were available on 187 of these
atients 8  5 months after CRT; 72 in the
orderline QRS duration group and 115 in the wide
RS duration group.
With the exception of longitudinal opposing
all delay by tissue Doppler imaging, there was
ignificantly less prevalent dyssynchrony using
re-defined cutoff values in the borderline QRS
uration patients compared with the wide QRS
uration patients (Table 1). PED, IVMD, and
F/RR occurred infrequently in the borderline
RS duration patients. In the borderline QRS
uration group, IVMD was weakly associated
ith longitudinal velocity opposing wall delay (r
0.25, p  0.01), but more closely associated
ith radial strain dyssynchrony (r  0.56, p 
Table 1. Prevalence of Dyssynchrony in Borderline QRS Duratio
Dyssynchrony Index Cutoff D
Pre-ejection delay 140 ms
IVMD 40 ms
FT/RR 40%
Longitudinal opposing wall delay 65 ms
Yu Index 33 ms
Radial septal to posterior wall delay 130 ms
IVMD  interventricular mechanical delay; FT/RR  ﬁlling time ratio; NS  not
Table 2. Association of Dyssynchrony Indexes With Ejection Fra
Duration and Borderline QRS Duration Patients
Dyssynchrony Index Cutoff Se
Pre-ejection delay 140 ms
IVMD 40 ms
FT/RR 40%
Longitudinal opposing wall delay 65 ms
Yu Index 33 ms
Radial septal to posterior wall delay 130 msAbbreviations as in Table 1..0001). Among the 187 patients with follow-up
V volume and EF data, a significantly smaller
roportion of patients in the borderline QRS
uration group were CRT responders (38 [53%]
ompared with 86 [75%] patients). The associa-
ion of dyssynchrony indices with EF response is
hown in Table 2, and the individual ROC curves
re shown in Fig. 4. Among the pulsed Doppler
yssynchrony markers, only IVMD seemed to be
ignificantly predictive of EF response in the
ide QRS duration group. Neither IVMD, PED,
or FT/RR was found to be predictive of EF
esponse in the borderline QRS duration group.
lthough these pulsed Doppler indexes at the
re-determined cutoff values were found to have
igh specificities, their low sensitivities resulted
n relatively modest area under the ROC curve
alues. Longitudinal dyssynchrony by either op-
osing wall delay or Yu Index was predictive of
F response in the wide QRS duration group,
ut not in the borderline QRS duration group.
The presence of radial dyssynchrony by speckle
racking was the most predictive of EF response in
oth wide QRS duration and borderline QRS
uration patient groups (Fig. 5). Speckle tracking
adial dyssynchrony 130 ms was predictive of EF
esponse in the wide QRS duration patients (88%
d Wide QRS Duration Patients
ide QRS
ion (n  123)
Borderline QRS
Duration (n 78) Signiﬁcance
73/106 (69%) 16/70 (23%) 0.0001
53/98 (54%) 11/61 (18%) 0.001
29/90 (32%) 7/60 (12%) 0.005
78/110 (70%) 38/67 (58%) NS
76/118 (64%) 35/67 (52%) NS
80/104 (71%) 36/76 (47%) 0.05
iﬁcant.
n Response to Resynchronization Therapy in Wide QRS
ide QRS Duration
(n  115)
Borderline QRS Duration
(n  72)
ivity Speciﬁcity Sensitivity Speciﬁcity
50% 31% 83%
85% 23% 92%
67% 15% 96%
76% 64% 54%
64% 55% 57%
74% 79% 82%n an
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136ensitivity, 74% specificity). Although less sensitive,
adial dyssynchrony was a relatively specific predic-
or of EF response in the borderline QRS duration
atients (79% sensitivity, 82% specificity). Radial
yssynchrony was also associated with significant
everse remodeling demonstrated by reductions in
nd-systolic volume from 155 72 ml to 119 71 ml
n the wide QRS duration group and 155  56 ml
AVO
Figure 2. Tissue Doppler Velocity Opposing Wall Delay
Time-velocity plots from septum (yellow line) and lateral wall (blue
ing wall delay in peak velocities (arrow) during the ejection interva
Anterior 
septum
Posterior
Figure 3. Speckle Tracking Radial Strain
Time strain plots from the mid-ventricular short-axis view demonstr
in peak strain (arrow).o 119  57 ml in the borderline QRS duration
roup (both p  0.0005). Borderline QRS duration
atients who lacked radial dyssynchrony did not
ave a significant reverse remodeling response to
RT (Fig. 6).
Intraobserver variability for determining routine
ulsed Doppler dyssynchrony measures was 3 4%
nd interobserver variability was 4  5%. Intraob-
AVC Septal
Lateral
) using the apical 4-chamber view and demonstrating the oppos-
C  aortic valve closure; AVO  aortic valve opening.
g anteroseptal (yellow line) to posterior wall (purple line) delaylineatin
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137erver variability for determining tissue Doppler
maging longitudinal dyssynchrony was 6 7% and
nterobserver variability was 8  7%. Intraobserver
ariability for determining speckle tracking strain
ata from the identical digital cineloops used for
yssynchrony was 8  7% and interobserver vari-
bility was 9  7%.
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Se
ns
iti
vi
ty
 (%
)
Pre Ejection Delay 
AUC   60    68
0
20
40
60
80
100
0 20 40 60 80 100
IV
A
0
20
40
60
80
100
0 20
Se
ns
iti
vi
ty
 (%
)
100-Specificity (%)
Longitudinal
Dyssynchrony 
AUC   62    76
0
20
40
60
80
100
0 20 40 60 80 100
100-S
Y
A
0
20
40
60
80
100
0 20
Figure 4. Receiver-Operator Characteristic Curves
Analysis of 6 dyssynchrony indexes and their association with eject
line QRS duration patients (solid green lines) and wide QRS duratio
appear in each plot. FT/RR  ﬁlling time ratio; IVMD  interventric
Ej
ec
tio
n F
ra
cti
on
 (%
)
Radial Dyssynchrony 
(n=36)
0
10
20
30
50
40
60
Before
23±5
After CRT
*
32±10
*p<0.0001
Figure 5. Ejection Fraction Response to Resynchronization Ther
Line plots of ejection fraction values before and 8  5 months afte
QRS duration with and without signiﬁcant radial dyssynchrony.I S C U S S I O N
his study of a large series of consecutive patients
eferred for CRT demonstrates that differences in
echanical dyssynchrony and response to CRT in
atients with borderline QRS duration of 100 to
30 ms compared with those with widened QRS
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138uration 130 ms. Specifically, the prevalence of
yssynchrony by PED, IVMD, FT/RR, or radial
eptal to posterior wall delay was less in the bor-
erline QRS duration patients compared with the
ide QRS duration patients and the overall EF
esponse rate to CRT was less in the borderline
RS duration patients. The markers of IVMD and
ongitudinal dyssynchrony were comparatively more
redictive of response in the wide QRS duration
atients. However, radial strain dyssynchrony by
peckle tracking echocardiography was associated
ith response to CRT in both borderline QRS and
ide QRS duration patients, with significant im-
rovements observed in EF and end-systolic vol-
me. These observations have the potential to
xtend the use of echocardiographic dyssynchrony
ssessment, in particular by speckle tracking radial
train, to patients with borderline QRS duration
ho are being considered as potential candidates for
RT.
Several clinical trials have previously confirmed
hat the majority of patients with heart failure,
educed EF, and widened QRS duration benefit
rom CRT (18–22). However, it has been shown
hat approximately 25% to 30% of patients with
ide QRS duration do not seem to benefit from
Figure 6. Reverse Remodeling Response to
Resynchronization Therapy
*p  0.0001. Bar graphs of mean end-systolic volume values
before and 8  5 months after cardiac resynchronization ther-
apy (CRT) in patients with borderline QRS duration with and
without signiﬁcant radial dyssynchrony.RT, and several echocardiography studies have issociated lack of mechanical dyssynchrony with
onresponse to CRT (2–6,16,23). A recent multi-
enter study of the predictors of responders to
RT, known as the PROSPECT (Predictors of
esponse to Cardiac Resynchronization Therapy)
tudy, failed to show conclusively that a single
chocardiographic dyssynchrony measure can be
ighly predictive of response (8). Although prob-
ems with technical acquisition and variability in-
erfered with precise interpretation of the results of
he PROSPECT study, the conclusion was that
outine clinical selection criteria for CRT, including
RS duration, have not yet been replaced
12,24,25). Because the benefits of CRT have been
f great clinical significance, it is desirable to
rovide this therapy to individuals who may possi-
ly benefit from CRT. Accordingly, clinicians have
sed dyssynchrony information to assist in patient
election for CRT in patients with borderline QRS
uration for compassionate use, recognizing that
he 120-ms cutoff may be somewhat arbitrary. A
otential mechanistic explanation for why radial
yssynchrony was more predictive of response than
ongitudinal dyssynchrony in the borderline QRS
uration patients is that the radial pattern of dys-
ynchrony is more pronounced than in the longitu-
inal dimension, as shown by Helm et al. (26) in an
legant tagged cine magnetic resonance study. They
bserved that circumferential strain in the short-
xis plane was much more sensitive to detect dys-
ynchrony than longitudinal strain. Because the
egree of dyssynchrony may be more subtle in
atients with narrow QRS duration, it is possible
hat radial dyssynchrony was more predictive than
ongitudinal dyssynchrony, although the precise
eason was uncertain.
Only 1 randomized CRT trial, known as Re-
hinQ (Resynchronization Therapy in Patients with
arrow QRS), was performed to date in heart
ailure patients with narrow QRS duration 130
s and dyssynchrony, primarily measured by tissue
oppler imaging (9). This study failed to reach
tatistical significance for the primary end point of
eak myocardial oxygen consumption; however,
RT seemed to benefit patients in terms of New
ork Heart Association functional class and 6-min
alk distance in the nonischemic subgroup. The
uthors concluded that CRT did not benefit pa-
ients with narrow QRS duration; however, the
ubgroup of patients with borderline QRS duration
f 120 to 130 ms showed significant benefit with
RT in the primary end point. Accordingly, thenteraction of QRS duration, the presence of me-
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139hanical dyssynchrony, and the response to CRT is
ot entirely clear in patients with borderline QRS
uration. The results of this study are in agreement
ith RethinQ results in that the response to CRT
eems to be less prevalent in patients with narrower
RS duration compared with clearly widened QRS
uration and adds the marker of radial dyssyn-
hrony as a potential predictor of response to CRT
n the borderline QRS duration patients.
tudy limitations. An important limitation of this
tudy is that the decision for CRT implantation was
ade by clinicians caring for these patients, and this
as not a randomized clinical trial. Accordingly, the
chocardiographic dyssynchrony results may have
nfluenced the decision for CRT implantation in
he borderline QRS duration patients. However,
ecause we studied several measures of interventric-
lar and intraventricular dyssynchrony as part of our
aseline assessment, it is unlikely that an individual
easure would selectively influence the decision for
mplantation. The true value of echocardiographic
easures of dyssynchrony in assisting patient selec-
ion for CRT among patients who are viewed as
orderline candidates because of borderline QRS
uration must be tested further in a clinical trial in
larger series. Another limitation of this study is
hat change in EF and end-systolic volumes were
sed to define response to CRT and clinical out-
ome measures such as 6-min walk distance and
uality-of-life questionnaires were not systemati-
ally performed as part of this study. Measures of
everse LV remodeling have been shown to be
bjective measures of response to CRT and associ-
ted with patient survival, so these measures seem
o be clinically relevant (16,27). There are several
ossible technical limitations with variability in
oth tissue Doppler imaging and speckle tracking
nalysis (8,16). These data were derived from a
ingle laboratory with a small group of investigators
ho perform off-line analysis with a very similar
pproach. A possible limitation is that the dyssyn-
hrony analysis was performed using software frommittee to Update the 2001 Guidelines for al. Left ventriculartrated that they produce similar results (17). An-
ther important limitation is that factors other than
yssynchrony affect LV functional and reverse re-
odeling response, including contractile reserve,
rrhythmias, scar burden, and lead location in
elation to scar and area with latest activation
28–32). An analysis of all these factors in compar-
son with radial dyssynchrony in these patients was
eyond the scope of the present investigation, but is
arranted for future studies. Technological ad-
ances in echocardiography hardware and software
ontinue, but training and experience continue to
e important to achieve reproducible results.
O N C L U S I O N S
his study demonstrated that echocardiographic
yssynchrony was less prevalent in patients with
orderline QRS duration as compared with those
ith wide QRS duration using routine pulsed
oppler measures or speckle tracking radial septal-
o-posterior wall delay. Although IVMD and lon-
itudinal dyssynchrony were comparatively more
redictive of CRT response in patients with wide
RS duration, radial dyssynchrony by speckle
racking was associated with CRT response in both
orderline QRS and wide QRS duration patients.
hese observations have the potential to extend the
se of echocardiographic dyssynchrony assessment,
n particular by speckle tracking radial strain, to
atients with borderline QRS duration to assist with
election for CRT.
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